We show that in an interrupted step-flow epitaxy on a vicinal surface, the decay of adatom monomer density on terraces after deposition often has a simple dependence on the monomer diffusion coefficient D, the step-edge sticking probability S, and the extra step-edge energy barrier E step ͑Schwoebel-Ehrlich barrier͒. One may reliably determine these kinetics parameters by examining the dependence of the decay rate constant on the average terrace width and the temperature. Such a decay can be monitored by either reflection high-energy electron diffraction or optical reflectance difference techniques. ͓S0163-1829͑98͒07840-0͔
I. INTRODUCTION
Vapor-phase homoepitaxy and heteroepitaxy are two of the main growth techniques for fabricating new materials used in microelectronics, optoelectronics, and magnetic recording and storage media. These new materials are typically grown at high temperatures. This is necessary at high rates of deposition as newly arrived atoms need to have enough mobility to reach the edges of terraces to form flat films with atomically sharp interfaces. A number of kinetics parameters of adatoms determine the growth mode and in turn the quality of an epitaxially grown material. 1 They include the surface diffusion coefficient of adatom monomers, the sticking probability of an adatom arriving at the edge of a terrace, and the extra energy barriers for an adatom to descend the edge of a terrace. There are few techniques that can be used to measure these parameters at or close to the growth temperature around 700 K.
Neave and co-workers showed a method to indirectly deduce the adatom diffusion coefficient from the deposition rate at which the growth mode changes from a twodimensional ͑2D͒ growth ͑through nucleation and growth and coalescence of monoatomically high islands͒ to a stepflow growth on a vicinal substrate. 2 It is based upon an assumption that in a continuous deposition and growth such a transition occurs when the diffusion length of a newly arrived adatom equals the terrace width before the next atom strikes the terrace. It is not, however, clear that the transition occurs quantitatively when this condition is reached. In fact, a reliable determination of surface diffusion coefficients requires a much more involved analysis of the transition from a 2D growth to a step-flow growth. 3, 4 Another technique involves scanning tunneling microscopic ͑STM͒ measurements of the saturation island density N s as a function of the deposition flux at a given substrate temperature. 5 By invoking the nucleation theory, 6 one finds N s ϳexp(ϪE diff /␥k B T) where the factor ␥ is known once the critical island size is known. Unfortunately STM measurements of this type are carried out typically at below 160 K. Given the complexity of the morphology on a growth surface, it is not obvious that the kinetics parameters obtained at such low temperatures apply at 700-900 K where the stepflow growth occurs.
Another method is the optical diffraction technique developed by Zhu and co-workers and independently by Heinz and co-workers. 7, 8 In this case, a periodic density distribution of adatoms or molecules is prepared on a substrate with the method of laser-induced desorption or atomic beam channeling through a laser standing wave, and the optical diffraction of a probe laser beam from such a distribution is subsequently monitored. [7] [8] [9] [10] [11] From the decay of the optical diffraction signal, one can extract the surface diffusion coefficient of adatoms. This technique is suited for measurements of surface diffusion of adatoms that are different from those of the substrate. 7, 12, 13 The implementation of such a method is still fairly involved at the present time, and it remains to be shown that it can yield diffusion kinetics parameters timely to meet the needs of material epitaxy.
It is desirable to explore other simpler and still direct experimental methods to measure kinetics parameters of adatoms under growth conditions. This is the subject of this paper. We find that by monitoring the decay of the adatom monomer density on terraces during an interrupted deposition and growth, one may reliably determine the adatom diffusion coefficient D, the sticking probability S at a step edge and the extra energy barrier for an adatom to descend a step edge ͑also known as Schwoebel-Ehrlich barrier͒. In an earlier paper, we have given a brief account of the key results of our investigation. 14 In the present paper, we describe the details of our theoretical consideration and the findings that were not reported earlier.
II. THEORETICAL CONSIDERATIONS
We consider an epitaxy consisting of sequences of interrupted deposition and growth in a step-flow growth regime rather than a continuous deposition and growth. 15, 16 The epitaxy takes place on a crystalline surface vicinal to a low Miller index plane that exposes steps with an averaged width L terrace . L terrace can be determined by a predetermined miscut angle. By limiting the consideration to a step-flow growth regime at high temperature, nucleation and growth on terraces can be neglected and we expect terraces to be covered mostly by adatom monomers. In addition, the interaction between monomers may also be neglected. By interrupting the deposition, we can follow the evolution of the monomer density as a result of growth at step edges. The temporal characteristics of the evolution are related to the kinetics parameters that we are interested in.
As a result of step-flow growth, the terraces are expected to become roughly evenly spaced with an average width L terrace . This is because that wider terraces receive proportionally more incident atoms and thus the corresponding upper step edges advance faster while narrower terraces receive proportionally less incident atoms and the corresponding upper step edges advance slower. During deposition, the monomer density increases at a rate proportional to the deposition flux. The equilibrium density of adatom monomers is determined by the balance between the deposition and the growth at step edges. The latter is usually diffusion limited. After the deposition is interrupted, the monomer density decreases as adatoms diffuse towards terrace edges and become attached. Assuming that there is no significant desorption, the total number of adatoms on the surface remains unchanged except that the number of adatom incorporated within terraces increases at the expense of monomers on terraces. Since all step edges are expected to advance at roughly the same rate once the widths of terraces become stabilized, a terrace appears stationary with a fixed width L terrace in a coordinate frame that rides with the advancing step edges. The evolution of the monomer density is governed by Fick's law in quasi-one-dimension that is perpendicular to step edges and the mass conservation. It is instructive to note that L terrace establishes a length scale for mass transfer such that the evolution of the monomer density is expected to be described by structural factors S(q,t)ϳexp(Dq 2 t) with wave vectors qϳ1/L terrace . 17, 18 We show that this is indeed the case. Let the x axis be perpendicular to step edges and the y axis parallel to step edges. For illustration, we show in Fig. 1 a sketch of a model vicinal surface with adatoms on the terraces. Since both Fick's law and the mass conservation are satisfied locally, we expect the monomer density to satisfy the diffusion equation in the coordinate frame that rides with the moving step edge,
is the adatom monomer coverage defined as the monomer number density divided by the density of the substrate surface atoms. The validity of Eq. ͑1͒ is further confirmed by our subsequent Monte Carlo simulation that will be described in the next section. Let xϭ0 be the edge adjoining the neighboring upper terrace, and xϭL terrace , the edge adjoining the neighboring lower terrace. In Fig. 2 , we show a representative surface potential energy along a minimum energy path of diffusion for an adatom on and across a terrace. We take into account the possibility that an additional energy barrier E step ͑i.e., Schwoebel-Ehrlich barrier 19 ͒ may exist for an adatom to descend a step edge and another extra energy barrier E a may also exist for an adatom to reach the step edge and settle down. The sticking probability of an adatom reaching the step edge at xϭ0 is thus given by SϭS 0 exp(ϪE a /k B T). The boundary condition at xϭL terrace is determined by the requirement that the net flux is continuous.
␣ step is the probability of an adatom at xϭL terrace to move forward by one lattice spacing a l successfully. It has two contributions: one is the probability of a successful descent to the corner of the neighboring lower terrace and is given by exp(ϪE step /k B T); 1 the second is the probability of the corner site is being filled during a mean residence time res as a result of diffusion and growth on the lower terrace and is given by (a l ‫͉)‪x‬ץ/ץ()4/‬ xϭ0 . The factor of 1 4 comes from the fact that only one-quarter of the adatoms at one lattice spacing away from the step-edge corners will make the attempt to move towards these corners. Consequently, we have
Such a nonlinear boundary condition is the result of the fact that the edge of the lower terrace advances during growth and makes room for adatoms on the interrogated terrace. At low coverage as is case in the asymptotic limit of the growth after the deposition is interrupted, ‫͉)‪x‬ץ/ץ(ͦ‬ xϭL terrace ͦ Ӷ(‫ץ/ץ‬x)͉ xϭ0 and thus Eq. ͑2b͒ is approximated by
The boundary condition at xϭ0 is also determined by the flux continuity:
A sketch of a vicinal substrate surface with a hexagonal lattice. During a step-flow epitaxy, the widths of terraces are roughly stabilized to a constant L terrace . L terrace is determined by a predetermined miscut angle.
FIG. 2.
A representative potential energy curve for an adatom ͑solid line͒ along a minimum energy path of diffusion on terraces and across a step edge. a l is the separation between two neighboring energy minima. The dotted line indicates the potential energy curve on a terrace only.
Here ␣ 0 is the probability of an adatom that is one lattice spacing away from the step-edge corner to become successfully attached subsequently. It also has two contributions: one is the probability that an adatom successfully makes a move towards the step-edge corner and is simple the sticking probability S; the second is the probability that a step-edge corner is being occupied as a result of descent of an adatom from the upper terrace such that the adatom at one lattice spacing away from the step-edge corner becomes automatically attached. The second part is given by Ϫ(a l ‫/ץ()4/‬ ‫ץ‬x)͉ xϭL terrace . The negative sign takes into account the fact that ‫͉)‪x‬ץ/ץ(‬ xϭL terrace р0. Consequently, the boundary condition at xϭ0 is given by
In the asymptotic limit of the growth, we can ignore the second term on the right-hand side and Eq. ͑3b͒ is reduced to
It is noteworthy that if the sticking probability S is roughly unity, since ‫͉)‪x‬ץ/ץ(‬ xϭ0 ϳ max /L terrace , we restore the wellknown boundary at xϭ0 as (xϭ0)ϭ max (a l /L terrace )Ϸ0. We restrict our consideration to the low coverage limit р0.3 so that we can use Eq. ͑2c͒ and Eq. ͑3c͒ to solve for (x,t). The solution takes different forms depending upon the magnitudes of E step and S.
͑1͒ a l exp(E step /k B T)ӷL terrace , but a l /SϽL terrace . In this case, the solution after the deposition is interrupted is given as follows:
n0 's are determined from the initial condition right after the deposition. Most importantly, the asymptotic behavior of the monomer density is dominated by the first term,
This means that the total number of monomers decays exponentially with an exponent
As we have expected qualitatively, the exponent is proportional to the adatom diffusion coefficient D on terraces and the proportionality constant 2 /4(L terrace ϩa l /S) 2 is inversely proportional to the square of an effective terrace width L terrace ϩa l /S. 1 By following the total number or the coverage of adatoms monomers with, for example, optical reflectance difference or reflection high-energy electron diffraction ͑RHEED͒ from the vicinal surface, one can extract the decay exponent ␤ 1 . From the dependence of ␤ 1 on the mean terrace width L terrace and temperature, one can in turn determine a number of important kinetics parameters of adatoms during step-flow epitaxy. For example, one can measure a set of decay exponents ␤ 1 at various temperatures and with different mean terrace widths L terrace . L terrace can be changed by miscutting substrates at different angles. Care has to be taken to ensure that there is no substantial step bunching within the ranges of temperatures and miscut angles. One can then plot the inverse of the square root of ␤ 1 versus L terrace ,
The slope of 1/ͱ␤ 1 gives (2/ͱD) and in turn the monomer diffusion coefficient D. From the intercept (2/ͱD)(a l /S), one extracts the sticking probability S. Furthermore from the temperature dependence of D, one can determine both the diffusivity D 0 and the activation energy barrier E terrace on terraces.
͑2͒ a l /SӷL terrace and a exp(E step /k B T)ϽL terrace . The solution takes a slightly different form,
with an effective terrace width given by L eff ϭL terrace ϩa l exp(E step /k B T). In the asymptotic limit, the adatom monomer density is dominated by
͑8͒
From the dependence of the exponent ␤ 2 ϵ 2 D/4͓L terrace ϩa l exp(E step /k B T)͔ 2 on L terrace and temperature, we can again obtain the adatom diffusion coefficient D and now the extra step edge barrier E step . By plotting the inverse of the square root of ␤ 2 versus L terrace ,
the slope yields the diffusion coefficient D, and the intercept yields a exp(E step /k B T). By measuring the temperature dependence of the intercept and the slope, one can determine both E terrace and E step . ͑3͒ a l exp(E step /k B T)ϽL terrace and a l /SϽL terrace . The solution is given by the following expression:
͑10͒
The effective terrace width is given by L eff ϭL terrace ϩa l /S ϩa l exp(E step /k B T). The asymptotic limit of the monomer density is dominated by we find the diffusion coefficient D from the slope and a l /S ϩa l exp(E step /k B T) from the intercept. Generally, one cannot separate the contributions to the intercept from the sticking probability S and the finite Schwoebel-Ehrlich barrier. If one knows a priori that Sϳ1, the intercept may be used to determine E step . If on the other hand E step is known a priori to be small such that a l exp(E step /k B T)ϳa l , the intercept may be used to extract S. It is noteworthy that if the decay exponent ␤ varies with L terrace at all, a l /S and a l exp(E step /k B T) cannot be both much larger than L terrace . In this case, by fitting the decay of the monomer density to a single exponential function with an exponent ␤, one obtains a good estimate of the diffusion coefficient Dϳ4L terrace 2 ␤/ 2 from just one value of L terrace without any prior knowledge of S and E step .
Before leaving this section, we briefly consider the situation where the terrace widths on a vicinal surface vary over a range about the mean L terrace . This situation is realistic as one always has a distribution of terrace widths on a real vicinal surface. Clearly if the distribution is too wide such that there is really not a characteristic length scale for terrace widths, we do not expect the decay of the monomer density to have simple dependence on L terrace . In this case we cannot use the present analysis to determine kinetics parameters. If the distribution is a few tens of a percent or less about the mean L terrace , we show here that it is still feasible to use the present analysis to extract kinetics parameters reliably.
To make the analysis more tractable, we assume that the terrace width has a Gaussian distribution centered at L terrace with a standard deviation of ␦. In the asymptotic limit, it is easily shown that after averaging Eq. ͑8͒ for example over the distribution of terrace widths, we arrive at
͑13͒
If ␦ϭ0.25L terrace , the correction to Eq. ͑8͒ becomes notice- 
III. MONTE CARLO SIMULATION
We now address three issues through a Monte Carlo simulation of an interrupted step-flow growth on a vicinal surface: ͑1͒ the validity of Eq. ͑1͒; ͑2͒ the upper limit of the monomer density below which the analysis described in the previous section applies; ͑3͒ the asymptotic limit beyond which the adatom monomer density decays exponentially.
We have performed a Monte Carlo simulation of a noninteracting lattice gas on a square lattice with 400a l along the x axis and 2000a l along the y axis as sketched in Fig. 1 . To simulate a vicinal surface, we make the first column of the lattice the initial upper terrace edge, the next 200 columns the terrace under interrogation so that the terrace width L terrace is 200a l , and the remaining 199 columns the lower terrace. Initially, we randomly deposit adatoms on the terrace of interest to a coverage of ϭ0.5. We subsequently allow adatoms to execute random walk. Considering a noninteracting lattice gas is reasonable in the step-flow growth regime as the substrate temperature is generally high so that 2D island formation is expected to be unstable and adatoms behave approximately as an assemble of noninteracting monomers. 1, 6 For the purpose of addressing the above three issues, it is sufficient to perform simulations for the case where ͑1͒ E step is large and thus adatoms cannot descend to the lower terrace and adatoms cannot ascend to the upper terrace either; ͑2͒ the sticking coefficient S is unity; ͑3͒ the diffusion of adatoms along a step edge is fast so that an atom at the step edge always finds and settles down at a site with the maximum possible bond coordination. To take the effect of step flow into consideration in the mean field sense, once an adatom becomes attached and settles down at a stable corner site at the edge of the terrace, we also fill the corner site on the neighboring lower terrace that is L terrace ϭ200a l away from this site so that the lower terrace corner site becomes the new edge of the interrogated terrace. This procedure computationally leads to the even flow of the step edges. If Eq. ͑1͒ is valid, we expect the Monte Carlo simulation to yield results predicted by Eqs. ͑4͒ and ͑5͒. This is indeed the case.
We record the monomer coverage profile after each time interval of ⌬tϭ0.2 res ϫ(L terrace /a l ) 2 ϭ8000 res . res is the residence time of an adatom at an isolated site on a terrace. The tracer diffusion rate of such an atom is given by Dϭa l 2 /4 res . As shown in Ref. 14, even just after one time interval ⌬tϭ8000 res where the adatom monomer coverage is still as high as 0.34, the distribution of the adatom coverage is already well described by two sinusoidal functions as predicted by Eq. ͑4͒, ͑x,t͒ϳ 1 
After 7⌬tϭ56 000 res when the adatom coverage drops to 0.12, the profile is well described by Eq. ͑5͒ or
͑15͒
In fact the adatom density profile after 7⌬tϭ56 000 res no longer changes except for the overall magnitude as shown in Fig. 3 . The profiles in Fig. 3 fit sin(x/2L terrace ) essentially perfectly. Also as shown in Ref. 14, the spatially averaged adatom coverage was fit well to a double exponential function. We found that the slow ͑asymptotic͒ decay component varies with time tϭN⌬t as exp (Ϫ␣ 1 N)ϭexp(Ϫ0.124N) . The exponent 0.124 agrees within 1% with the theoretical value of 2 D⌬t/4L terrace 2 ϭ0.2(/4) 2 ϭ0.1234 from Eq. ͑5͒. The fast decay component has an exponent ␣ 2 three time as large as ␣ 1 , as expected from Eqs. ͑4͒ or ͑14͒. The excellent agreement between the Monte Carlo simulation and our analytical analysis shows that in the frame that moves with advancing step edges Eq. ͑1͒ is indeed valid for describing the evolution of the adatom monomer density under step-flow growth condition. It also shows that even at coverages as high as ϭ0.34, it is sufficient to use Eq. ͑2c͒ and Eq. ͑3c͒ for boundary conditions. Furthermore, the asymptotic limit is already reached when exp(Ϫ␤t)ϭexp(Ϫ 2 Dt/4L terrace 2 )Ͻ0.3 ϳ0. 4 . This means that as soon as the monomer density drops by 40-30 % from the value immediately after the deposition is interrupted, Eq. ͑5͒ can be used to extract kinetics parameters as discussed in the previous section.
IV. EXPERIMENTAL DETERMINATION OF THE ASYMPTOTIC DECAY OF THE MONOMER DENSITY ON TERRACES OF A VICINAL SURFACE
The evolution of the adatom monomer density can be monitored with either electron reflection such as low-energy electron diffraction ͑LEED͒ and RHEED ͑Refs. 15, 16, and 20͒ or optical reflection including normal-incidence 21 and oblique-incidence linear reflectance difference spectroscopy, 16 surface photoabsorption spectroscopy, 22 ellipsometry, 23, 24 reflected optical second-harmonic generation, 25, 26 and reflected sum-frequency generation. 27 Linear optical reflection techniques are more commonly used than nonlinear optical techniques as the absolute signal strengths are much larger and the implementation is simpler. RHEED is much more commonly used than LEED to monitor the growth mode and quality of a thin-film epitaxy.
In the case of RHEED, one monitors coherent specular reflection and higher-order diffractions of collimated highenergy electrons ͑10-20 keV͒ from a vicinal surface. At a low coverage of adatom monomers, the random positions of these adatom monomers relative to each other cause the electron reflection from these adatoms to be out of phase. As a result these monomers do not contribute to the coherent specular reflection and higher-order diffractions of electrons. The intensities of the specular RHEED and higher-order RHEED deviate from their corresponding maxima by
By monitoring the asymptotic recovery of either the specularly reflected RHEED I 0 () or the first-order RHEED I 1 () in an interrupted deposition and growth, one should be able to measure the kinetics parameters as described in the previous section. To the best of our knowledge, RHEED has not been used for this purpose despite its extensive use in monitoring epitaxy. Optical reflectance difference spectroscopies and ellipsometry are alternative methods for monitoring the adatom monomer density on terraces. 16, [22] [23] [24] Since optical wavelengths are much larger than a lattice constant a l , it may seem unusual that optical reflection at such a long wavelength should be sensitive at all to the rearrangement of adatoms on the scale of lattice constant. Such rearrangements include the growth at step edges at the expense of monomers on terraces. The sensitivity of optical reflection to atomic rearrangement on a surface derives from the change in optical dielectric response in the outermost surface layer. During the recovery of an interrupted deposition and growth sequence, the optical polarizability of an adatom monomer is being replaced by that of an adatom that is incorporated in a terrace. The reflectance difference is proportional to the difference of optical polarizabilities before and after the incorporation and the monomer density. Zhu and co-workers recently used an oblique-incidence optical reflectance difference technique to monitor interrupted deposition and growth of SrTiO 3 on SrTiO 3 (001). 16 They showed that the reflectance difference signal S() is given by 16 ͪͬ ϳ ͑17͒
and therefore it varies linearly with the adatom coverage .
Here r p and r s are the reflectivities of the surface for p and s polarization, respectively, in the presence of adatom monomers on terraces, while r p0 and r s0 are the reflectivities in the absence of adatom monomers. From the temperature dependence of the decay exponent of S(), these authors were able to deduce the surface diffusion energy barrier of SrTiO 3 or a mobile component of it on terraces of SrTiO 3 (001). In FIG. 3 . Adatom coverage profiles normalized to the mean value near xϭL terrace after tϭ7*⌬t (⌬tϭ8000 residence ). The profiles fit very well to sin(x/2L terrace ). Fig. 4 , we reproduce the results of optical reflectance difference and specular RHEED intensity measurements of interrupted deposition and growth sequences of SrTiO 3 on a vicinal SrTiO 3 (001). 16 The recovery of the optical signal and RHEED intensity are well described with single exponential functions.
V. CONCLUSION
We have shown a simple and reliable method to measure kinetics parameters of adatoms or molecular adsorbates under the epitaxial step-flow growth condition. Such a method is easily implemented in most vapor-phase epitaxy systems.
As to the limitations of our present analysis, we have assumed that there is negligible 2D nucleation and most adatoms on terraces are in the form of monomers. In cases when there is a substantial nucleation, one needs to invoke the appropriate nucleation theory to separate the effect of nucleation and dissociation of 2D islands from the effect of monomer diffusion on the recovery of the optical reflectance difference or RHEED signals. We have also assumed that the diffusion rate along a step edge is fast compared to the growth rate so that step edges remain straight and parallel to each other. This analysis fails if the growth at the step edges is of dendritic form due to the lack of adatom mobility along step edges. In this case, the average width of the terraces is ill defined and the recovery of the optical or RHEED monitoring signals is no longer related to the adatom surface diffusion kinetics in a simple way.
